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Abstract
Poly(vinyl alcohol) (PVA) hydrogels are used to produce high fidelity models for surgical
training applications. PVA hydrogel mechanical properties are developed through the use of
a freeze-thaw cycling, physical crosslinking process. The resulting gels exhibit a non-linear
elastic modulus which can be tailored to match many tissues of the human body.
Methods for joining PVA hydrogels were investigated to aid in the production of complicated
structures that would be difficult to produce in a single step. Bond strength of PVA gels was
characterized using a modified peel test. The porosity and degree of crosslinking of the PVA
substrate were investigated as the factors affecting adhesion.
Rotational molding was investigated to produce hollow structures unattainable by injection
molding. Fumed silica was used as a rheology modifier to maintain a molded shape before
freeze-thaw cycling at room temperature. A prototype stomach and embedded vessel model
were produced using the rotational molding and joining methods respectively.

KEYWORDS: Poly(vinyl alcohol), PVA, hydrogels, surgical training, adhesion and
rotational molding
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Chapter 1

1

Introduction

1.1

Motivation

Surgical procedures require a great deal of knowledge and skill to be completed
successfully. This is apparent due to the rigorous training surgeons undergo during their
career. In Canada, after obtaining a medical degree, a surgery resident will complete
between four and six years in a surgical residency program, with subspecialties potentially
requiring more [1]. Residents will complete clinical rotations gaining exposure to and
developing technical skills. At the same time they will also complete course work to
develop a knowledge base [2].
The technical skills of a surgeon are always best gained through practice. A surgeon gains
increased exposure throughout their residency, which will ultimately lead to independent
practice [3]. Once competency at a particular task has been demonstrated, residents may
be permitted to perform that task independently. A great deal of oversight is implemented
due to its potential impact on human life. The public expects well trained surgeons and as
such must accept that a large portion of learning is achieved in practice.
Other methods of practicing surgical techniques are common. Some examples include
cadavers, animals, virtual reality and anatomical models. They each have a degree of
fidelity to the human tissues and structure; however, none can completely replace real
operating room exposure. Synthetic materials such as silicone rubber dominate the
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available anatomical models; however, they lack the mechanical characteristics and tactile
realism of human tissue.
An ideal candidate material for surgical models is one that displays the response and high
water content of natural tissues. Polyvinyl Alcohol (PVA) hydrogels are ideal candidate
materials. They exhibit a controllable non-linear stress-strain response similar to natural
tissue. They also form stable gels in excess of 95% water.

1.2

Objectives

The objective of this work was to investigate methods for producing complex surgical
training models. This work is divided into two research streams: joining methods for PVA
gels and molding techniques to produce complex geometries. The final goal was to apply
the understanding gained in both streams to produce surgical training models that were not
otherwise possible with previous state of the art methods.

1.3

Outline

A review of literature relating to hydrogels, surgical training models, adhesion of gels and
molding techniques is presented in chapter 2. Chapter 3 and 4 detail the equipment and
experimental methods conducted in this research for joining and rotational molding
respectively. Data analysis is presented in chapter 5. The results are presented and
discussed in chapter 6. Chapters 7 and 8 presents the conclusions and future work
respectively.
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Chapter 2

2
2.1

Literature Review
Introduction

The motivation of this work is to create processing techniques to allow for the production
of more complicated structures than the state of the art. This chapter introduces the
materials and applications of surgical training models and their history. The area of focus
for the study is PVA hydrogels, and as such, the literature pertaining to their use in medical
applications is presented. Both self-healing and joining characteristics of hydrogels are
reviewed. Finally molding techniques will be presented that lend to the production of
complicated structures.

2.2

A Brief History of Surgical Training

Surgical training takes various forms with varying degrees of sophistication and fidelity.
The development of training practices has taken place over nearly a millennium. Truly
academic surgical training can be dated back to the thirteenth century, where at the
University of Bologna in Italy, the dissection of cadavers was a mandatory part of the
medical curriculum. The lack of appropriate preservation techniques limited the
availability of cadavers so pigs and other animals were sometimes substituted [4].
University trained physicians were few in numbers, so the majority of the population relied
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on so called “barber-surgeons” who had a less formal apprenticeship form of training.
Barber surgeons were more akin to craftsman [5]. Without standards of training, access to
medical care, specifically surgery, was inconsistent.
It would not be until the end of the nineteenth century that the apprenticeship model would
merge with academic learning in North America. It was Dr. William Steward Halsted, in
1889, at The John Hopkins Hospital in Baltimore that can be credited for this merger. As
chief of surgery he created a program where medical school graduates would participate in
a several year training program with increasing responsibility, with a final year of near
complete independence [6]. This form of training is the backbone of modern surgical
residency, and allowed for the development of surgeons with both a strong scientific base
and technical skills.

2.3

Modern Surgical Training Simulation

The centuries long tradition of patient based case training raises certain issues. It is reported
that patient safety is negatively impacted by training in the operating room [8, 9, 7]. From
the patients’ perspective it is ideal if only the most experienced surgeons performed
surgeries; however, education and experience are different. For this reason surgeons must
gain hands on experience to become truly capable, and this does not necessarily have to be
gained entirely in the operating room. Modern surgical training involves a mixture of
simulated methods, a selection of which are described below.
Live animal models are common high fidelity human analogues. Common lab animals for
human study are typically mammals due to their similar organs and overall body structure.
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Pigs in particular share all of the same thoracic and abdominal organs with only very minor
differences from human analogues [10]. Under anesthesia, live animals provide the closest
available simulation of surgery on a human patient. This type of training can be expensive
due to the required operating, anesthetization, handling and post-operative equipment [11].
Legal and ethical concerns for the treatment of animals can make the justification for their
use difficult over alternatives [12].
Virtual reality simulators are the most recent advance in surgical training. They provide
fully safe acquisition of skills, as well as easily quantifiable assessment of learning in
trainees [13]. The metrics for assessment in a simulator, such as speed and position, do not
necessarily translate into the more subtle measures and emotional inputs of real world
experiences, which may be more subjective [14]. For this reason, virtual reality simulators
are still a very active area of development.
Laparoscopic surgery is a modern form of surgery that has benefited from extensive use of
simulators. Laparoscopy or minimally invasive surgery (MIS) involves small incisions and
the use of remote cameras and tools which reduce the pain and recovery associated with
open procedures [15]. Simple box trainers can be used which simulate the human abdomen
and contain ports for laparoscopic tools and contain anatomical features and other training
tools for acquisition and practice of laparoscopic skills [16, 17].
Full surgical training models are used in all areas of surgery and replicate the human body
with varying realism. Surgical training models typically mimic the anatomy and the
properties of human tissues. Many models are commercially available for a wide range of
procedures [18, 19, 20]. Most of these models are composed of various elastomers and
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foams, often silicone, latex and polyurethane based materials [21]. These materials can
typically mimic the color and complex shapes needed for models; however, they often lack
representative mechanical properties of human tissues.

2.4

Hydrogels

Hydrogels are a group of materials that exhibit properties making them suitable for surgical
training models and for biological applications. They are characterized by sufficient
crosslinking to form gels and hydrophilic groups to allow for high water content [22]. In
human, water content can range from 63 w% in tendons to 86 w% in the brain [23]. The
viscoelastic behavior of hydrogels, along with high water content, makes them ideal
candidates for surgical model applications.
Gelatin is a familiar hydrogel and is a commonly used in medical models. Gelatin is the
standard material used in ballistics model as a representation of human tissue [24]. Gelatin
is essentially hydrolyzed collagen that can be dissolved in water at elevated temperatures.
When cooled, the polypeptide strands aggregate into a collagen like structure forming a
thermoreversible hydrogel [25]. Gelatin is accessible, cheap and easy to process with
minimal equipment. It does suffer from certain drawbacks such as high variability in
molecular weight from natural sources and thermoreversibility of physical gelation.
Many other hydrogel systems with interesting properties for application in surgical training
models exist. Some important polymer hydrogels are alginate and polyacrylamide. Many
interesting properties are obtained from blends of these polymers in the form of double
network gels [26, 27].
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2.5

Poly(vinyl alcohol) hydrogels

PVA is a synthetic water soluble polymer with a wide range of uses. PVA is produced by
polymerization of vinyl acetate into poly(vinyl acetate), followed by partial hydrolysis to
form PVA. PVA is used in a range of applications, one of its main uses is for sizing of
paper and textiles [28]. The chemical structure of PVA is shown in Figure 1.

Figure 1 - Chemical structure of poly(vinyl alcohol)
The solubility and solution characteristics of PVA is dictated by both the degree of
hydrolysis and the molecular weight of the polymer. Optimal solubility in water at room
temperature is achieved in the range of 87-89 % hydrolysis. At higher degrees of
hydrolysis, intra and inter-molecular hydrogen bonding requires higher dissolution
temperatures to provide the necessary energy to form a solution. PVA solutions are more
stable in partially hydrolyzed grades, where highly hydrolyzed grades readily form gels
due to hydrogen bonding at room temperature. Solution viscosity increases with increasing
molecular weight [29, 30].
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PVA in solution with water can be crosslinked both chemically and physically. Chemical
crosslinking requires the use of crosslinking agents, in general any compound that is
multifunctional and can react with hydroxyl groups on the PVA chain can be used as a
crosslinking agent. Some useful crosslinking agents include maleic acid, dialdehydes and
boric acid [31, 32, 33]. Useful properties are obtained using crosslinking agents; however,
residual crosslinking agent and generally poor mechanical properties of chemically
crosslinked PVA hydrogel is not favorable for surgical models.
Physical crosslinking of PVA solution produces gels with useful properties for surgical
training models and for biomedical applications in general. A novel method for physical
gelation of PVA solutions was introduced by Tanabe and Nambu [34] as a patent in 1985
and work on the method can be dated as early as 1975 by Peppas [35]. The method involves
freezing a solution of PVA, usually with greater than 98 % degree of hydrolysis and a
molecular weight greater than 80,000 [34]. This process produces strong gels that can be
easily handled and are stable up to approximately 60 °C.
The physical gelation process of PVA solutions has been studied in detail, but it is not
entirely understood. It is well known that PVA solutions exhibit spontaneous gelation at
room temperature, which can be attributed to crystallite formation [29]. In fact, it has been
shown that prolonged heating during dissolution creates a more stable solution than one
that was heated for a shorter period of time which retains more of its crystallinity [36]. It
is generally accepted that during freezing a liquid-liquid phase separation occurs creating
a polymer rich and polymer poor phase. The polymer rich phase itself consists of an
amorphous and crystalline phase, which reinforces the three dimensional network [32, 37,
38]. The literature does not have consensus on whether liquid-liquid phase separation is
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the primary driver of gelation. It is clear that the melting point of physical gels, ~60 °C,
when compared to the much higher melting point of ~230 °C for unplasticized PVA, is
closely tied to the endothermic peak associated with the melting of crystalline regions [39,
40]. This strongly indicates that crystalline regions act as the junction points, which
reinforce the gel network.
Physically crosslinked PVA gels can be tailored based on the freeze-thaw method
employed. In the freeze-thaw process polymer concentration, freeze rate, hold time, hold
temperature, thaw rate and number of freeze-thaw cycles can all be varied to tailor the
properties of the resulting gel. Domotenko demonstrated that slower rates of thawing and
higher polymer concentrations resulted in higher elastic modulus [41]. Later Lozinsky
showed that the cooling rate was less significant than the thawing rate in terms of the
resulting elastic modulus of the PVA hydrogel [42]. It has been shown by many
independent groups that gelation mainly occurs during thawing. It has been attributed to a
region several degrees below the freezing point where sufficient chain mobility in the
polymer rich region gives rise to conditions that favor gelation [43, 44, 32].
The structure of PVA hydrogels gives rise to unique mechanical properties that closely
resemble biological tissues. The phase separation and growth of ice crystals that
subsequently melt upon thawing leaves behind a macro-porous three dimensional hydrogel
network [45, 46, 47, 48]. The open cellular network supported by solvent water mimics
both the physical structure and water content of biological materials. PVA hydrogels have
been shown to exhibit the nonlinear stress-strain response characteristic of biological
materials, specifically porcine aortic root within the physiological strain range [49, 44].
Millon also showed that through controlled strain during freeze-thaw cycles, controlled
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anisotropic properties could be achieved [50]. The ability to tailor mechanical properties
to match many biological tissues make PVA hydrogels ideal candidates for surgical
training models.

2.6

Adhesion

In surgical training model materials it is often desirable to form structures that are
composed of materials with varying properties joined to each other. The various structures
and organs of the human body are in general composed of distinct layers. For instance, the
small intestine is composed of four distinct layers: mucosa, submucosa, muscularis externa
and serosa [51]. There are four main types of tissues: epithelial, muscle, nervous and
connective. Connective tissues are the most important to the idea of adhesion in surgical
models.
As the name implies, connective tissues play a structural role in binding together the
various other tissues of the body. Connective tissue consists of ground substance, fibers
and cells. The ground substance, an amorphous gel complex, and fibers, mainly collagen
and elastin, form the extracellular matrix of connective tissue cells. Varying proportions of
the constituents exist for different areas of the body. For instance, loose connective tissue
has thinly dispersed fibers and acts to connect structures while allowing significant relative
movement. Dense irregular connective tissues are almost acellular and are densely packed
with fibers in areas of high loading [51, 52].
Adhesion in hydrogels can be achieved by various mechanisms. When lightly crosslinked
polymer surfaces come into contact, amorphous chains are mobile and able to
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interpenetrate and entangle [53]. This is especially true for highly plasticized polymers
such as hydrogels. Self-healing hydrogels make use of this effect when chains are
sufficiently mobile across the interface to entangle and form hydrogen bonds between
functional groups [54]. It was shown that increased crosslink density reduced interfacial
strength in self-healing gels.

2.7

Rotational Molding and Casting

Rotational molding and casting are relatively specialized polymer processes when
compared to high volume commercial methods such as injection molding. In its most basic
form, a closed mold cavity is rotated to disperse material into an even layer on the mold
cavity surface, which either solidifies thermally or sets chemically [55]. These methods are
applied to produce products including sculptures, kayaks, hollow chocolate figurines and
many more. This process lends itself well to the production of hollow structures and
enclosed volumes that other processes cannot produce. This method has been employed
for production of PVA hydrogel training models in this study.

2.8

Summary

PVA has been studied in great detail for its mechanical properties, applications as
implantable materials and for controlled drug release. It is known that PVA is a good
analogue for human tissues in terms of certain mechanical properties. In order to create
useful and realistic training models methods of joining and molding complex structures
have been developed and evaluated.
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Chapter 3

3
3.1

Experimental Methods – Joining
Introduction

The objective of this work was to examine methods for joining PVA hydrogel materials to
one another. Several techniques were employed in understanding the joining process.
Firstly, the modulus of the underlying PVA hydrogels was characterized in uniaxial
tension. An overmolding procedure was developed to produce consistent bonds between
the base layer and the overmolded layer. A modified peel test was developed to determine
the peel strength between the hydrogel layers. Porosity and crystallinity of the underlying
gels was measured using differential scanning calorimetry to identify gel characteristic for
freeze-thaw cycles that showed strong bonding between layers.

3.2

Material Preparation

3.2.1 Poly(vinyl alcohol) solution preparation
PVA (Sigma-Aldrich Canada Co.) was obtained with a molecular weight 146,000-186,000
g/mol, 99 %+ hydrolyzed and was used in the preparation of all solutions. 10 wt% solutions
were prepared by dissolving with deionized water in a jacketed flask with condensing
reflux at 90 °C for 3 hours until a homogenous transparent solution was obtained, using the
procedure described previously in literature [44, 56]. 10 wt% solutions were used
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exclusively throughout the study as it was considered the most relevant concentration to
consider for applications in surgical training models.

3.3

Uniaxial Tensile Testing

3.3.1 Sample Preparation
The mold used to produce 190x140x2.2 mm hydrogel sheets is shown in Figure 2. The
mold consists of 2 polished aluminum plates and a nylon spacer-gasket which forms the
sheet

cavity.

Figure 2 – Diagram of PVA injection sheet mold. Not shown is the steel binding
clamps used for mold closure.

The mold components were stacked and clamped together using two 2 inch steel binding
clamps per edge to provide the necessary force to resist the pressure of injection. In order
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to fill the mold, a 100 ml dosing syringe was filled with PVA solution a degassed by
inverting the syringe and expelling visible entrapped air bubbles, as voids caused by air
bubbles will negatively impact the strength of the gel and should always be avoided. PVA
was injected using the syringe until the mold completely filled.
Molds were transferred into an environmental chamber for freeze-thaw. The chamber has
fully programmable temperature profiles between -73 °C and +175 °C with a control
tolerance of ±0.2 °C and a uniformity of ±0.5 °C throughout the chamber. The medium of
cooling in the chamber is air, so the mold material was chosen as aluminum because of it
high thermal conductivity.
As stated previously, slow rates of thawing were observed to produce stiffer gels than high
rates of thawing, so a rate of 0.1 °C /min was used for both thawing and cooling [43]. The
chamber was programmed to run 3 consecutive cycles over the course of 45 hours. After
the completed cycle time a mold would be removed for tensile testing and the others would
continue to cycle further. The temperature profile is given in Table 1.

Step
Cooling
Dwell Frozen
Thawing
Dwell Thawed

Duration (min)
400
60
400
40

Start Temperature
+20 °C
-20 °C
-20 °C
+20 °C

Table 1 – Temperature Profile for a Single Freeze-Thaw Cycle

End Temperature
-20 °C
-20 °C
+20 °C
+20 °C

15

10x50mm tensile samples were cut using an Olfa rotary cutter and a straight edge [57]. The
rotary cutter was chosen because of its smooth cutting action which created flat edges with
minimal defects. The more conventional punch was not used because it tends to compress
the soft material leaving non-uniform edges with defect. Also, to prevent the high water
content material from slipping during cutting, a paper towel was placed under the material
during cutting to constrain it. The differences in cutting methods are depicted in Figure 3
and Figure 4.

Figure 3 – Rotary cutting of tensile samples
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Figure 4 – Trapezoidal rebound of punch cutting samples

3.3.2 Equipment
Tensile tests were carried out on an electromechanical test stand (Mark-10 ESM301L). A
customized soft tissue grip was developed for the purposes of this project. The grip body
material is stainless steel with 100 grit aluminum oxide adhesive backed sand paper on the
grip faces. A fixture was designed to align the grips while loading the samples to ensure
accurate and repeatable alignment and spacing. The grips and alignment fixture is shown
in Figure 5.
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Figure 5 – Grip alignment fixture
The tensile equipment setup is shown in Figure 6. The force gauge (Mark-10 Series M510) collects data at a rate of 7,000 hz and transmits force data via data cable to the test
stand control unit. The test reads position data from an internal linear scale, at a 50 hz data
rate. The test stand then outputs force and position data simultaneously over RS-232 in
ASCII format limited to 50 hz by the linear scale. Full control of the machine over RS-232
in ASCII format is possible; however, no commercial software was available for this
function.
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.
Figure 6 – Tensile soft tissue grips with 10x50x2.2mm sample

A custom program was written for both machine control and data acquisition using
Microsoft Visual Studio 2010 in the Visual Basic programming language. The program
was written in accordance with the ASCII command table published by Mark-10 and can
be found in Appendix C: ASCII command table for ESM301L test stand. The programs
user interface is shown in Figure 7.
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Figure 7 – User interface for tensile test stand
The program allows for setting test cycle parameters (velocity, distance, acquisition rate,
units and cycles). The program exports the raw data into Microsoft Excel file format. The
program also allows for manual control over the machine motions for setting of initial
positions and reading real-time values.

3.3.3 Uniaxial Tensile Test
Testing was carried out in ambient conditions. Sample dimension of thickness and width
were measured using digital calipers and were reported to the nearest tenth of a millimeter.
Samples were loaded into the grip fixture to a gauge length of 25 mm. The force applied
by gripping the samples tends to squeeze material into the gauge length. To account for
this, the crosshead was manually driven until zero force reading was obtained at which
point the true gauge length was recorded.
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It is known that residual stress may be present in PVA hydrogels, which may give an
artificially high modulus on the first loading. For that reason, the samples were
preconditioned to relieve residual stress in the material and provide a uniform history of
stress on the materials [50]. Samples were preconditioned to a 1.65 extension ratio at
8mm/s for 10 load-unload cycles. The crosshead was then manually driven to zero the load
and take up any slack in the material from preconditioning. Data was then recorded during
an additional load-unload cycle at the same strain and strain rate.
Samples were weighed in the hydrated state and dried at 110 °C on aluminum foil for 2
hours to determine the polymer fraction of the samples. The gels expel free water with
increasing number of freeze thaw cycles. This increases the polymer fraction of the samples
accordingly so this was taken into account to normalize the properties to the volume
fraction of polymer in the samples.

3.4

Peel Strength

3.4.1 ASTM D903-98 Peel Strength Standard
In order to determine the peel strength of bonded PVA, the methods described in ASTM
D903-98 were followed [58]. The standard applies to adhesive bonds where at least one of
the materials is flexible and thin enough to permit the bend of 180° required for the test.
Initially a t-peel test was investigated for determination of peel strength. The forces
required to peel the samples caused significant stretch in the free ends of the peeling
sample. The stretch in the samples stored elastic energy which was released in a cyclical
way. This cyclical release of stored energy made determination of an average peeling load
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infeasible. In order to maintain a constant separation rate of the sample the materials should
be inextensible and flexible relative to the peeling load.
The findings from initial testing suggested that an 180° peel test was more appropriate for
a PVA hydrogel system. This is likely true for any hydrogel system where the peeling load
is great enough to cause significant stretch in the material. The strain energy built in the
sample is non-recoverable and is difficult to account for in analysis without prior
knowledge of material properties.

3.4.2 Sample Preparation
In the 180° peel test one side of the bond has to be rigidly fixed to maintain alignment and
the other should be inextensible and flexible relative to the peeling load [58]. In order to
accommodate these requirements a method of preparation for hydrogels was developed.
The form of the 180° peel specimen is shown in Figure 8.
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Figure 8 – ASTM D903 peel strength specimen

The flexible-inextensible side of the specimens is formed first. Flax linen was chosen as a
suitable embedded material for the peel specimens to render them inextensible. Flax linen
is relatively stiff compared to the hydrogels and its absorbent nature allows it to embed and
bond strongly within the PVA hydrogel during crosslinking. The flax linen has 15
threads/cm in a plain weave, 0.25 mm in thickness (Fabricland Distributors Inc.). A section
of linen larger than the mold was pulled taut around an aluminum mold plate and clamped
in place with a nylon gasket and upper mold plate. The PVA solution was injected into the
mold and cycled.
After cycling the upper mold half was removed to expose the gel surface opposite the
embedded linen. The surface of the gel was tapped dry with lint free wipes to remove
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pooled water that could cause variations in the bond. A second 2.2 mm nylon gasket was
placed atop the first and the upper mold half was repositioned and clamped in place. A
second layer of solution was injected over the first layer and cycled to create the 2 layer
peel specimen.
After cycling the overmolded layer, the gel block was removed from the mold. The
resulting block was dividing using a rotary cutter into 25 mm wide strips each containing
a continuous strip of linen which extended beyond the gel in the length direction, as shown
in Figure 9.

Figure 9 – Linen embedded in peel specimens before bonding to alignment plate

In order to fix the rigid side of the specimen to the alignment plate, a suitable adhesive was
chosen that would bond the high water content PVA gel to polypropylene. An ethyl
cyanoacrylate based adhesive (Henkel, Loctite 495) was used to bond the gel to a 3 mm
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polypropylene alignment plates. Ethyl cyanoacrylate adhesives polymerize in the presence
of water within seconds forming a strong bond with PVA hydrogels [59]. The
polypropylene alignment plate was first prepared for the adhesive by sanding with 100 grit
sandpaper. A thin layer of adhesive was spread onto the surface of the alignment plate
using a tongue depressor. The peeling specimen was then placed onto the adhesive and
pressed evenly in place for 30 seconds to form a strong uniform bond. Samples were then
placed into a sealable specimen bag until testing to prevent drying. All samples were tested
on the same day as preparation.
From tensile tests it was shown that the maximum stiffness was achieved at freeze-thaw
cycle n=7. The variable of interest in this study was the number of freeze-thaw cycles of
the base layer prior to overmolding the top layer. To isolate the variable of interest the
number of freeze-thaw cycles of the base layer was varied from 1-7 and the overmolded
layer along with the base layer were cycled a further 7 times. The further processing created
a two layer structure with similar maximum stiffness in both layers, with the only
difference being the number of freeze-thaw cycles of the base layer prior to overmolding.
A summary of the samples prepared is shown in Table 2.

Sample Set
1
2
3
4
5
6
7

Overmolded
@ cycle #
1
2
3
4
5
6
7

Total cycles of
base layer
8
9
10
11
12
13
14

Total cycles of
overmolded layer
7
7
7
7
7
7
7

Table 2 – Summary of peel samples tested
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3.4.3 Testing
The weight of the specimen including the alignment plate was significant relative to the
peeling loads, therefore the force gauge of the testing stand was tared with the specimen in
the top grip.
The alignment plate was fixed in the top grip of the machine ensuring proper alignment
with the axis of the force gauge. The free end was peeled back approximately 25 mm to
initiate the peel and to allow it to bend 180° to the lower grip. The free end was gripped in
the lower grip ensuring proper alignment with the force gauge axis.
The test was conducted at a grip separation rate of 305 mm/min. This separated the bond
line at half of the grip separation rate, 152 mm/min, which remained constant for all tests.
The load and position were recorded at 50 hz and captured for the entire travel of each test.
After testing the specimens were examined for failure type and reported. The bonds being
examined could exhibit three types of failure: adhesive, cohesive and mixed mode.
Cohesive failure was indicated by failure in the bulk material. Adhesive failure was
indicated by smooth damage-free newly formed surfaces. Mixed mode failure is identified
by residual material on the newly formed surface caused by distinct regions of both
adhesive and cohesive failure. Cohesive failure is considered to be a strong bond as this
indicates the bond has similar strength to the bulk material [60].
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3.5

DSC

3.5.1 Introduction
When similar partially crosslinked polymers are brought into contact a bond may be formed
by interdiffusion across the interface. In general, a stronger bond is achieved from a lesser
degree of crosslinking and greater contact time [53]. A decrease in bond strength with
increasing freeze-thaw cycles (greater degree of crosslinking) was not observed in this
work as would be expected, so an investigation of crystallinity and porosity was completed.
Measurements we made using differential scanning calorimetry (DSC). Crystallinity
measurements were made following the methods described by Riccardi et al [61]. Porosity
measurements were made adapting the methods of Plieva et al [62].

3.5.2 Equipment
Measurements were made using a TA instruments Q2000 differential scanning calorimeter.
DSC maintains the temperature difference between a reference and the sample close to zero
and measures the difference in energy input needed to maintain that balance in temperature.
The reference being an empty specimen pan means that the difference in energy is
attributed to heat absorbed or evolved by chemical or physical changes caused by a linear
temperature ramp [63].

3.5.3 Sample Preparation
PVA hydrogel sheets, 190x140x1 mm were prepared using polished aluminum plates
molds and nylon gaskets. PVA solution was injected into the void between the gasket and
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plates, clamped and transferred into the environmental chamber for processing. After
freeze-thaw cycling the thin PVA sheets were placed into sealable specimen bags prior to
testing. All samples were tested the same day freeze-thaw cycling was completed to
minimize any effect of aging.

3.5.4 Testing
The PVA gel sheets were removed from the bag and placed onto plastic cutting board. A
4mm steel punch and dead-blow hammer were used to cut DSC specimens from the sheets.
Using tweezers to minimize contact, a hermetic pan and lid (TA Tzero aluminum) were
weighed using an analytical balance to the nearest 0.01 mg. The sample was then loaded
into the pan ensuring it had made flat contact with the pan bottom for consistent transfer
of heat during the measurement. The lid was then positioned and crimped hermetically
using the Tzero press and die set. The sealed pan was then weighed to determine the sample
mass.
After weighing and sealing all of the DSC specimens, they were loaded into the
autosampler carousel of the DSC machine. At all times samples were kept clean and free
of any residue or contamination. Specimens were typically 10mg in the hydrated state.
For the crystallinity measurements, samples were equilibrated at 10 °C and held isothermal
for 1min. The temperature was then ramped at 10 °C /min from 10 °C to 110 °C. The heat
flow versus temperature was recorded for analysis in universal analysis software (TA
instruments).
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For the porosity measurements, samples were equilibrated at -30 °C for and held isothermal
for 1 min. The temperature was then ramped at 5 °C /min from -30 °C to 30 °C. The heat
flow versus temperature was recorded for analysis in universal analysis software (TA
instruments).
After DSC measurements samples were removed from the autosampler and re-weighed to
check for possible failure of the hermetic seal. The sample pans lids were then punctured
using a steel needle to allow water vapour to escape. The samples were dried in a laboratory
oven for 1 hr at 120 °C to determine the polymer fraction.

3.6

Dissolution of PVA hydrogel

3.6.1 Introduction
PVA is soluble in water and without reinforcing junction zones in the form of crystallites,
PVA hydrogels would inevitably return to a solution state. It has been shown in chemically
and physically crosslinked PVA hydrogels that small crystallites, which are more prevalent
at lower degrees of crosslinking, are susceptible to dissolution and therefore effect the
stability of PVA hydrogels [64, 65]. The stability of PVA hydrogels was measured by
determining the loss of polymer from gels stored in deionized water as compared to the
gels as made.

3.6.2 Sample Preparation
PVA hydrogels were produced in the conventional way, molding in aluminum molds to
produce 2.2 mm thick sheets. The sheets were then removed from the mold and round
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samples 12mm in diameter were cut from the sheets using a steel punch and dead-blow
hammer. Samples were then stored in a re-sealable bag prior to testing.

3.6.3 Testing
For each freeze-thaw cycle 6 specimens were cut for testing. Three specimens were
analyzed for polymer fraction as-made and after storage in deionized water for 180
minutes. The samples were all weighed in their hydrated state to the nearest milligram. The
as-made samples were then immediately dried at 120 °C for 2 hours to remove the water
from the samples. The other 3 samples were immediately stored in a segmented tray filled
with deionized water at ambient conditions.
After 180 minutes the specimens were removed and immediately dried at 120 °C for 2
hours. When drying was completed the dry specimens were reweighed to determine the
polymer fraction of the samples.
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Chapter 4

4
4.1

Experimental Methods – Rotational Molding
Introduction

Complex structures, specifically enclosed volumes, are difficult to mold by current
injection molding methods. Rotational molding was investigated as a method to produce
hollow thin walled structures from PVA hydrogels. Rotational molding is a process well
understood in thermoplastics, thermosets and even with food products such as chocolate.
The physical crosslinking method used raises challenges that are not easily solved by
current methods. Namely, the polymer solution will not physically cure in short periods at
ambient conditions.

4.2

Thickening Agent

The viscosity of PVA in a 10 w% solution at room temperature is similar to liquid honey,
approximately 5,000 cP. At such a low viscosity it would be impossible to rotationally
mold PVA solution to a consistent wall thickness.
To produce a consistent wall thickness, fumed silica was used as a thickening agent to
produce a stable paste at room temperature. Fumed silica is a branched chain-like
agglomerate of silica. Its branched structure gives it a low bulk density and high surface
area. The surface of fumed silica contains silanol groups, a functional OH group bonded to
a silicon atom. Silanol groups interact through hydrogen bonding with other silanol groups
and with polar solvents, such as PVA solutions. Fumed silica can be easily dispersed in
PVA solutions and the resulting solution exhibits thixotropy.

31

Through hydrogen bonding the fumed silica aggregates rearrange to form a threedimensional network, which thickens and gels PVA solutions at appropriate addition
levels. When stressed or heated the network fumed silica structure breaks down, reducing
the viscosity of the solution. After removing stress and heat the three-dimensional network
again forms stabilizing the gel. This property allows for the PVA solution to be dispersed
into a rotational mold at elevated temperatures, 90 °C, and then slowly cooled to room
temperature forming a consistent stable wall thickness.

4.3

Rotational Molding Machine

A rotational molding machine was designed and constructed for the purposes of this study.
The rotational molding machine consisted of two square frames which rotate within one
another on perpendicular axes. The framing of the machine was constructed from ABS
plumbing pipe with aluminum shafts. The frames were driven by ANSI #35 chain and
sprockets which could be interchanged to adjust the relative rotation rate between the inner
and outer frames. The rotational molding machine is shown in Figure 10.
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Figure 10 – Rotational Molding Machine
The rotation rate of the frames is critically important to produce consistent wall thickness
throughout the part. Depending on the relative rates of rotation, certain surfaces of the mold
will be preferentially oriented in the direction of gravity for a greater time than others. For
instance, if the inner and outer frames rotate at the same rate, the initially vertically oriented
surface of the mold will never cross the horizontal plane, producing a heavily skewed wall
thickness. The uniformity of the motion of the molding machine can be determined by
analysis of the rotational axes. The axes of the molding machine are shown in Figure 11.
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Figure 11 –Rotation axis of molding machine

The rotational matrices that describe the motion of the rotating frames are given by
equation 4-1 and 4-2, where α is the rotation angle about the x-axis and γ is the rotation
angle about the z-axis.

1
0
𝑅𝑥 (𝛼) = [0 𝑐𝑜𝑠𝛼
0 𝑠𝑖𝑛𝛼

𝑐𝑜𝑠𝛾
𝑅𝑧 (𝛾) = [ 𝑠𝑖𝑛𝛾
0

0
−𝑠𝑖𝑛𝛼 ]
𝑐𝑜𝑠𝛼

−𝑠𝑖𝑛𝛾
𝑐𝑜𝑠𝛾
0

0
0]
1

4-1

4-2
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The ratio of α / γ is the gearing ratio of the frames of the molding machine. The gearing
ratio can be modified by changing the sprocket set on the drive mechanism. The trace of
an initially vertical unit normal vector on the mold surface was analyzed to determine an
appropriate ratio to produce a uniform part wall thickness. The trace can be plotted from
the product of the two rotational matrices by the positive z-unit normal vector over a series
of angles, as shown in equation 4-3.

𝑐𝑜𝑠𝛾
𝑅𝑥,𝑧 (𝛼, 𝛾) = [𝑠𝑖𝑛𝛾𝑐𝑜𝑠𝛼
𝑠𝑖𝑛𝛾𝑠𝑖𝑛𝛼

0
𝑐𝑜𝑠𝛾𝑐𝑜𝑠𝛼
𝑐𝑜𝑠𝛾𝑠𝑖𝑛𝛼

0
0
−𝑠𝑖𝑛𝛼 ] [0]
𝑐𝑜𝑠𝛼 1

4-3

By plotting the trace of the initially vertical unit normal vector the importance of the gear
ratio becomes obvious. The traces for three possible gear ratios are shown in Figure 12.
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Figure 12 – Trace of mold orientation for select gear ratios (outer:inner)
a) 1:1 b) 1:1.5 c) 1:22

It is clear from the cyclical paths shown that choosing an appropriate gear ratio will yield
better path uniformity. The 1:22 gear ratio was used for all testing, this was accomplished
by using an 18 and a 22 tooth sprocket, i.e. the inner frame rotates 11 times for every 9
rotations of the outer frame.
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4.4

Mold Making

Rotational molds are typically two part molds which form a hollow cavity. Unlike cavitycore type molds that may be used in injection molding, wall thickness is determined by the
amount of material added to the mold during processing. The rotational molding of
thickened PVA solution is performed at moderate temperature, usually less than 100 °C.
This allows for the use of vacuum formed thermoplastic molds, which can withstand the
moderate temperatures.
The techniques for PVA rotational molding were inspired by chocolate molding [66].
Molds used for chocolate are often food-grade polycarbonate (PC) or polyethylene
terephthalate (PET) [67]. These molds are typically made by thermoforming sheets around
a positive form of the desired shape, producing a two part negative mold cavity.
The demonstrator part in this study was a human stomach. The stomach consists of a large
hollow body connected at the top and bottom to the esophagus and duodenum respectively.
The diameter of the stomach body is much larger than its opening. It would be very difficult
to mold the hollow cavity with a core making it an ideal structure for rotational molding.
The stomach geometry was modeled using computer aided design (Dassault Systèmes,
SOLIDWORKS 2014) based on general dimensions obtained from literature as shown in
[68, 69].
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Figure 13 – CAD model of stomach demonstrator part

After creating the geometry of the stomach model in CAD, it needed to be produced in two
halves that could be subsequently used to make the molds by vacuum forming. To produce
the split geometry, rapid prototyping was used. The geometry was segmented into two
halves in design software and alignment pins were added on the periphery. The molds were
rapid prototyped in ABS plastic by fused deposition modeling (FDM) on a 3D printer
(CubePro Duo, 3D Systems). The printed models, which are mirror images of one another,
are shown in Figure 14.

38

Figure 14 – FDM printed stomach positives in ABS plastic

The rapid prototype models had a slightly rough surface, due to the finitely thin printed
layers, which was smoothed using 220 grit sand paper prior to vacuum forming.
In order to obtain the best feature definition from vacuum forming the thinnest reasonable
plastic was used as it would deform easier under the vacuum pressure. White 0.8 mm high
impact polystyrene (HIPS) was used for vacuum forming. HIPS was readily available and
is one of the easiest plastics to thermoform. The vacuum former used in this study was a
Centroform EZFORM (model LV 1827) as shown in Figure 15.

39

Figure 15 – Centroform EZFORM model LV 1827 with stomach positive forms

The vacuum former consists of a heater, sheet clamping frame and vacuum table. The
plastic sheet was clamped in the frame and locked in position under an electrical heater
above. The sheet was heated for 50 seconds until it began to sag. Vacuum was applied to
the vacuum table using the laboratory vacuum supply. The sheet was then lowered over
the form and the air evacuated drawing the sheet down tightly. The sheet was then allowed
to cool until solid. After cooling the positive forms were easily removed, helped by a pre
applied general purpose release agent (Smooth-On, universal mold release).
The vacuum formed sheet was then separated from the continuous sheet to produce the two
mold halves. The cavities were trimmed from the sheet leaving a 25 mm flange for

40

clamping and sealing the mold. Three round aluminum alignment pins were also installed
using 2-part epoxy glue. The trimmed mold halves are shown in Figure 16.

Figure 16 – Stomach mold halves, 0.8mm HIPS

4.5

Material Preparation

The fumed silica thickening agent was dispersed into the PVA solution prior to molding.
Fumed silica could not be added to the 10 w% PVA solution at room temperature, as the
viscosity was simply too high.
The PVA solution was first heating in a 1L water jacketed glass flask with cold water
condensing reflux to 90 °C. The solution was constantly stirred with an overhead mixer
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connected to a glass shaft and Teflon impellor to prevent skin formation. The fumed silica
was weighed and added to the PVA solution and the stirring continued for 10min until the
fumed silica was incorporated and well dispersed into the solution. Fumed silica was added
in the proportions shown in Table 3.

Solution
1
3
4
5
6
7

PVA Concentration
(weight %)
10
10
10
10
10
10

Fumed Silica
(Part per hundred)
1
3
5
4
4.5
4.25

Freeze-Thaw Cycles
3
3
3
3
3
3

Table 3 – Fumed silica thickener additional levels

4.6

Molding

In order to produce a desired thickness, the appropriate amount of material needed to be
measured out for molding. For the stomach model the outer surface of the CAD model was
measured for its surface area, which is 668 cm2. For an average wall thickness of 2 mm,
this corresponds to a total material volume of 134 cm3.
One mold half was placed on a scale and solution containing the fumed silica thickener
was added by weight corresponding to the desired volume. The second mold half was
positioned and clamped in place as shown in Figure 17.
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Figure 17 – Stomach mold clamped prior to rotomolding

The mold was then clamped to the inner rotational molding frame. The rotational molder
was than manually turned for 20 minutes, dispersing the material on the walls of the mold
until it had cooled to ambient conditions. The mold was then transferred into the
environmental chamber and held at -35 °C for 30 min to quickly freeze the mold and
prevent any creeping of the material. Cycling was then continued in the usual way for 3
cycles, omitting the controlled 0.1 °C /min freezing at the beginning of the first cycle.
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Chapter 5

5
5.1

Data Analysis
Uniaxial Tensile Testing

5.1.1 Stress Strain
From the tensile tests raw data was collected as load and position. In order to make
meaningful intrinsic material comparisons, the raw data was converted into a stress strain
relationship. Also, to account for variations in polymer content from loss of water during
cycling, the data was further normalized to the polymer volume fraction of the samples.
PVA hydrogels are in general highly extensible, with stretch ratios nearly two times their
original length.
There is not a universally accepted stress-strain definition for hydrogels used in the
literature. Stress definitions used for hydrogels include engineering, true, and 2nd PiolaKirchhoff. For strain, definitions often include engineering, true, Green-St. Venant and
Almansi-Hamel [70, 71, 72]. Engineering stress-strain is not a suitable for characterization
of hydrogels as it does not account for deformation in the specimen, which clearly needs
to be considered with extensions of up to 75 % of the original length during testing.
True stress provides instantaneous load of instantaneous area when volume is conserved,
which for PVA hydrogels, having a Poissons ratio of nearly 0.5, is a valid assumption [73].
True strain provides the instantaneous change in instantaneous gauge length. All values in
this study are calculated and reported under the true stress-strain definition, it is important
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to consider the definition of choice when comparing this work to the literature. The
definition of true stress-strain is given by equations 5-1 and 5-2.

𝜎𝑇 =

𝑃
𝛿
(1 +
)
𝐴𝑂
𝐿𝑂

𝜀𝑇 = ln(1 +

𝛿
)
𝐿𝑂

5-1

5-2

Where:
σT = true tensile stress
P = Load
AO = original cross-sectional area
δ = change in length
LO = original length
εT = true strain

5.1.2 Curve Fitting
Analysis of the raw data gives stress-strain data points and many different curves can be
fitted satisfactorily through these points. Equations 5-3, 5-4 and 5-5 are several empirical
models that have been used extensively in the literature [56, 50, 44]. Tensile data in this
study was fitted using equation 5-5, a 5-parameter exponential model. Analysis of the data
initially showed equation 5-3 to consistently overestimate stress at low strains and 5-4 to
underestimate at low strains. The model should pass nearly through the origin, at zero strain
which was best demonstrated best by equation 5-5.
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𝜎𝑇 = 𝑦𝑂 + 𝑎𝑒 𝑏𝜀𝑇

5-3

𝜎𝑇 = 𝑦𝑂 + 𝑎𝜀𝑇 + 𝑏𝑒 𝑐𝜀𝑇

5-4

𝜎𝑇 = 𝑦𝑂 + 𝑎𝑒 𝑏𝜀𝑇 + 𝑐𝑒 𝑑𝜀𝑇

5-5

Where ‘yO’, ‘a’, ‘b’, ‘c’ and ‘d’ are the fitting parameters.

The purpose of fitting the stress-strain data was to provide an equation from which stress
values could be extracted for statistical comparison and so that slope (modulus) could be
derived. The modulus is the slope of the tangent at a particular location along the stressstrain curve. The stress strain curve is non-linear in nature, and as a result so is the equation
of the modulus. The modulus can be determined from the first derivative of the stress model
with respect to strain as shown in equation 5-6.

𝐸=

𝑑𝜎
= 𝑎𝑏𝑒 𝑏𝜀𝑇 + 𝑐𝑑𝑒 𝑑𝜀𝑇
𝑑𝜀

5-6

Data was recorded up to a true strain of 0.56, which is equal to a stretch ratio of 1.75.
Values of stress and tensile elastic modulus can be interpolated between 0-0.56 strain
values.
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5.1.3 Polymer Fraction
It is important when making comparisons of tensile modulus in hydrogels to account for
the variation in polymer fraction caused by water loss. It is assumed that the PVA network
bears the load in the sample under tension. Weight loss on drying was used to determine
the polymer fraction of the gels and was calculated from equation 5-7.

∅𝑃 =

𝑓𝑊,𝑃

𝑓𝑊,𝑃
𝜌𝑃
+ 𝜌 (1 − 𝑓𝑊,𝑃 )
𝑆

5-7

Where 𝑓𝑊,𝑃 = weight fraction polymer (PVA)
ρP = density of polymer (PVA)
ρS = density of solvent (water)

From the strain energy, the energy stored per unit volume in the polymer phase can be
calculated as shown in equation 5-8.
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𝜀
𝑈0
1 𝜀
𝜎
= (𝑈0 )𝑃 =
∫ 𝜎𝑑𝜀 = ∫
𝑑𝜀
∅𝑃
∅𝑃 0
0 ∅𝑃

5-8

Where UO = strain energy per unit volume
(UO)P = strain energy per unit volume polymer

This means that the stress and stiffness in the polymer phase at a particular point can be
found by dividing the calculated value in the bulk material by the volume fraction of the
polymer. This can then be normalized to the nominal polymer volume fraction, which in
the case of these experiments is 8.54 % for a 10 % target weight fraction. The normalized
values for stress can be calculated as shown in equation 5-9.

(𝜎𝑇 )𝑛 =

𝜎𝑇
∗ 0.0854
∅𝑃

5-9

Where (σT)n = stress normalized to a 10 w/% PVA

This allows for direct comparison of tensile properties of hydrogels at different cycles and
accounts for the variation in water loss. Without normalization it is impossible to determine
whether the difference in tensile properties between cycles is from changes in the PVA
network or simply a higher fraction of polymer in the sample.
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5.1.4 Analysis of Variance (ANOVA)
For statistical comparisons, one way analysis of variance (ANOVA) was used. ANOVA
allows for the comparison of means between groups. Using ANOVA, with a degree of
certainty, it can be determined whether the difference between group means is due to
random error or due to the treatment imposed on the group. Typically, ANOVA is used on
3 or more groups, however when used on 2 groups it becomes equivalent to the Student’s
t-test [74].
In the analysis of tensile data, the average stress values at true strain point 0.3 and 0.5 were
used for comparison. The stress values obtained at these points are assumed to be normally
distributed, independent and have similar variance between groups which are necessary
assumptions for ANOVA. A standard significance level of α = 0.05 was used. The
calculated F-statistic was then calculated and compared to the critical F-value. If F > Fcritical
then the null hypothesis (all population means equal) was rejected.

5.2

Differential Scanning Calorimetry

5.2.1 Crystallinity
Crystalline melt out is broad for PVA hydrogels, ranging from ~40-90 °C, depending on
the cycle number. At lower cycles, where the crystalline fraction is lower, there is a less
obvious endothermic peak. Values of crystallinity for various cycles from different authors
can be inconsistent. Many factors affect crystallinity including, but not limited to:
molecular weight, free-thaw rates, DSC heating rates, specimen size and polymer fraction.
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The enthalpy of fusion was found using flat baseline integration in Universal Analysis 2000
software (TA instruments), the value from integration was recorded in J/g of the hydrogel.
The value was then normalized to the polymer weight fraction found from drying the
sample post-test, as calculated from equation 5-7. The normalized values were then used
to estimate the fraction of crystalline PVA by comparing to the value of 100 % crystalline
0
PVA (Δ𝐻𝑚
=138.6 J/g), as determined by equation 5-10 [75].

𝑓𝐶 =

∆𝐻𝑚
0
∆𝐻𝑚
∗ 𝜑𝑝

5-10

Where ΔHm = the heat of fusion measured from DSC
0
∆𝐻𝑚
= the heat of fusion of 100% crystalline PVA
∅𝑃 = the polymer fraction of the gel

5.2.2 Porosity
PVA hydrogels are porous in nature. The gels contain polymer rich and polymer poor
phases. The polymer rich phase is comprised of the partially crystalline PVA network,
which itself is swollen by bound water. This bound water interacts through hydrogen
bonding with the hydroxyl groups of the PVA polymer chain and is not available to freeze.
The polymer poor phase is defined as the pores of the gel. It is a dilute solution of free
water and PVA, which is able to freeze due to the low concentration of polymer.
The relative proportions of PVA, bound water and free water can be determined using
DSC. The methods of Plieva et al. were used for the analysis of porosity [62]. The heat of
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melting was determined by sigmoidal horizontal baseline integration using Universal
Analysis 2000 software (TA instruments). The heat of transition was recorded in J/g of the
sample. After drying the samples to determine the polymer fraction, the fraction of bound
water could be determined from equation 5-11 [62].

𝑓𝑤,𝑏𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟 = 1 − 𝜑𝑝 −

∆𝐻𝑔𝑒𝑙

5-11

0
∆𝐻𝑤𝑎𝑡𝑒𝑟

Where ∆𝐻𝑔𝑒𝑙 = heat of transition recorded from DSC
0
∆𝐻𝑤𝑎𝑡𝑒𝑟
= heat of fusion of melting ice (334.45 J/g)
𝜑𝑝 = polymer fraction of the sample
𝑓𝑤,𝑏𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟 = weight fraction of bound water

Knowing the mass fraction of bound water and polymer allow for the calculation of free
water in the sample normalized to 10 w% PVA as shown in equation 5-12.

𝑓𝑤,𝑓𝑟𝑒𝑒 𝑤𝑎𝑡𝑒𝑟 = 90% 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 −

𝑓𝑤,𝑏𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟
∗ 10%𝑃𝑉𝐴
𝜑𝑝

𝑓𝐹𝑟𝑒𝑒 𝑊𝑎𝑡𝑒𝑟 = Free water weight fraction normalized to 10% PVA
𝜑𝑝 = polymer fraction of the sample
𝑓𝑤,𝑏𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟 = weight fraction of bound water

5-12
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The porosity of the sample is closely tied to the hydration of the gel. It is misleading to
report raw porosity values, instead it is more useful to report the bound water normalized
to the polymer fraction, which allows for comparison between freeze-thaw cycles. A low
value of bound water indicates a well incorporated, dense PVA gel network in the polymer
rich phase.

5.3

Peel Strength

The determination of peel strength was made using the methods outlined in ASTM D903
[58]. On the load versus extension curve of the test initially the force rises to a maximum
point at which steady state peeling then progresses. The arithmetic mean of load is
calculated from the raw data to give an average peeling load. This load is then divided by
the width of the peeling specimen to give the peeling strength in kg/mm as described in
equation 5-13.

1 𝑛
∑𝑖=1 𝑃𝑖⁄
𝑛
𝑃𝑒𝑒𝑙 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝑤

5-13

Where 𝑃𝑖 = load at a particular point during steady peeling
n = number of load data point recorded during steady peeling
w = width of the peeling sample

Samples which failed cohesively or in mixed mode failure were reported as such, and no
peeling load could be reported. In such cases this indicated the bond was of similar strength
to the bulk material on either side of the interface.
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5.4

Stability of PVA hydrogel

The stability of PVA hydrogel was measured as the amount of polymer lost by gels stored
in a medium of deionized water under ambient conditions. This is simply the weight of a
specimen after removal of water by drying compared to its weight in the as-made state.
The polymer volume fraction is then determined as described previously in equation 5-7.
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Chapter 6

6
6.1

Results and Discussion
Introduction

In this chapter the experimental results of this study are presented. Each set of results are
followed by a discussion of the interpretation and implications of the results.
In this section the results of tensile, peeling, crystallinity, porosity and rotational molding
will be presented. Additional results (not presented in this section) can be found in the
appendices at the end of the report.

6.2

Uniaxial Tensile

6.2.1 Stress-Strain
The stress-strain curves for 10 wt% PVA hydrogel at freeze-thaw cycles 3, 6, 7, 9 and 12
are presented in Figure 18. There is a clear trend of increasing material stiffness with
increasing freeze-thaw cycles. The non-linear stress strain response is also visible, which
is similar to natural tissues, making them ideal for tissue models.
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Figure 18 – Uncorrected tensile response for 10 w/% PVA
The purpose of the tensile evaluation was to determine the freeze-thaw cycle at which no
more increase in stiffness was observed. At this point we can assume that further PVA
network densification is not occurring and this determines the upper limit of freeze-thaw
cycles that was used for the remainder of the study. As discussed previously, the stressstrain response was corrected for water loss and then normalized to a 10 w% nominal
polymer fraction. This allowed for direct comparison between cycles regardless of water
loss which was apparent from shrinkage in the mold as well as free water surrounding the
gel sheet. The corrected stress-strain response is shown in Figure 19.
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Figure 19 - Tensile response for 10 w/% PVA corrected for water loss

From the corrected tensile response, it is clear that the curves begin to group tightly above
freeze-thaw cycle n = 6. Analysis of variance (ANOVA) did not suggest that there was a
significant difference at strain values of 0.3 and 0.5 for a significance level of α = 0.05. It
is assumed that cycle 7 then represents the upper limit for stiffening of the PVA network.
As water loss increases it is likely that the non-linear stress response will dissipate as the
material loses it porous hydrated structure. In practice 6 cycles may be sufficient, but for
the purposes of this study up to and including cycle 7 is seen as significant to changes in
PVA network properties.
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6.2.2 Water Loss
As described in the previous section, water loss in the samples plays a vital role in the
properties of the molded PVA hydrogel. In the molding setup used for the tensile samples
the gel is unconstrained and able to shrink freely. Water that escapes the sample typically
remains in the mold and is cleared after demolding. Table 4 shows the water loss at various
cycles for injection molded 2.2 mm plates.

Cycle
PVA
Weight %

0 (Sol.)
11.0
± 0.7

1
11.2
± 0.7

3
11.1
± 0.6

6
11.6
± 0.8

7
11.9
± 0.8

9
12.6
± 0.4

12
14.5
± 0.3

PVA
Volume %

9.40
± 0.6

9.57
± 0.6

9.48
± 0.5

9.91
± 0.3

10.2
± 0.6

10.8
± 0.4

12.5
± 0.3

Table 4 – PVA content hydrogels at various cycles for tensile correction

The targeted nominal value of the PVA solution was 10 w%. A nearly 1 % difference in
the actual solution was observed after cooling to room temperature overnight before
molding. This is likely due to condensing water that has to be removed from the jars after
cooling and water that is lost as humidity through the condensing reflux. Adjustments can
be made post cooling; however, as long as the methods of preparation are kept consistent
and the true values recorded, minor differences in polymer fraction can be accounted for.
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6.3

Peel Strength

Peeling strength, also known as stripping strength was measured for freeze-thaw cycles n
≤ 7. Values of peeling strength are only reported for cycle 2 and 3. All other cycles showed
either cohesive failure tearing completely through one leg of the peeling specimen. 5
replicates were produced from 2 material batches for each freeze-thaw cycle. The detailed
results of the testing are shown in Table 5.

Base layer cycle at overmold Peeling Strength (kg/m)

Standard Deviation

1
2
3
4
5
6
7

N/A
1.345
1.176
N/A
N/A
N/A
N/A

Could not initiate peel
12.555
12.234
Bulk Failure
Bulk Failure
Bulk Failure
Bulk Failure

Table 5 – Peeling strength at various cycles, ASTM D903-98

Cycles 2 and 3 where the only base layer cycles, when overmolded to produce the peel
sample, could be separated cleanly into two strips. All samples reported were immediately
processed after injection of the top layer.
The regime of base layer conditions that produces separable bonds is unusual.
Conventional thinking on bonding would suggest that the bond strength would trend up
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with less crosslinking (lower cycle number) and with time, which was observed [53, 76,
77]. It was expected that another factor was contributing to the observed bond strength.
The PVA hydrogels under consideration are known to be macro porous [46, 47, 32]. It is
thought the porosity of the PVA gels may promote the diffusion of an uncrosslinked
solution through their surface. Hatakeyema, Uno, Yamada, Kishi and Hatakeyama have
shown previously, using electron microscopy, that with increasing freeze thaw cycles the
pore size increases and the pore wall thickens as the network densifies expelling bound
water [78]. The pore size typically ranges from 10-100µm, as described by various authors
[62, 78, 50, 46].

6.4

Crystallinity

The crystallinity as determined by DSC has been reported by various authors to range from
0.5-7% of PVA [46, 61]. It has been noted that the endothermic peak observed is likely
overlapped by the exothermic solvation of PVA in the presence of water. The superposition
of these two simultaneous processes systematically underestimates the crystalline fraction
when compared to other methods including x-ray diffraction and proton nuclear magnetic
resonance imaging (H NMR) [61]. Due to complications caused by the presence of water
in the samples, conclusions about the relationship between crystallinity and freeze thaw
cycles could not be made. Values of crystalline fraction varied widely and artifacts in DSC
heating curves made calculation a subjective exercise. A typical DSC heating curve after
freeze-thaw cycle n = 6 is shown in.
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Figure 20 – Typical DSC heating curve for freeze-thaw cycle n=6 PVA hydrogel

Gel-solution transition occurred in the range of 40-90 °C for all cycles. The broad
endothermic peak is generally shallower at lower numbers of freeze-thaw cycles. High
water content (nominal 90 w%) and low degree of crystallinity, less than 10 % of the PVA
network, means that crystalline fraction of the total sample weight is less than 1 % for all
cycles. The measured value of crystallinity at freeze-thaw cycle n = 6 was determined by
DSC to be 7.01 ± 0.45 w% of the PVA network. This is in agreement with the values
reported in the literature. Other methods as described previously would be more
appropriate for measurements of crystallinity.
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The important finding from DSC heating curves is that PVA hydrogel based surgical
models will remain stable below 40 °C. Surgical models are typically used at room
temperature; however, it is feasible that they could be used at simulated human body
temperature of 37 °C without significant changes in material properties [79].

6.5

Porosity

The porosity of the samples was inferred by the free water (non-freezable) following the
methods of Plieva et al [62]. Free water volume is assumed to be the water that exists in
the pores of the gel that is able to freeze because it is not bound in the swollen PVA
network. To allow for comparisons between cycles the free water volume has been
normalized to 10 w% PVA which corresponds to 8.54 v% PVA. The results of free water
volume as determined by DSC measurements are shown in Figure 21. 3 replicates were
measured for each cycle. The dashed line represents the total water volume in the sample,
which includes both free and bound water.
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Figure 21 - Free water volume fraction with dashed horizontal line representing the
total water volume in the sample.

The free water volume increases with each subsequent freeze thaw cycle. This indicates
PVA network densification and decreased swelling in the polymer rich phase. As a
consequence the pores become well defined as polymer chains are incorporated more
densely into the network. Well-defined pores provide a less resistive path for diffusion
across the interface, thus the water in the pores will become more dilute increasing the
concentration gradient for diffusion.
The idea of macromolecular and small molecule diffusion in porous hydrogels has been
investigated by various authors [80, 81, 82]. At the time of this study it seems that the
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relationship between pore structure and diffusion of PVA solutions has not been
investigated. It is likely that the macroscopic interconnected polymer pores of highly
cycled PVA hydrogels provide a less resistive path for the diffusion of uncrosslinked PVA
solution than the polymer rich phase of the network; however, this needs to be studied in
detail.
The hydrodynamic radius of the PVA polymer chain of high molecular weight, as was used
in this study, has been determined by dynamic light scattering to be of the order of 10nm
[83, 84]. When pores are well defined at higher cycles, their large size (10-100µm) is not
expected to hinder diffusion through the gel interface. This effect is thought to promote
adhesion, which was observed at cycle n=4 and above.

6.6

Stability of PVA hydrogel

The dissolution of PVA when stored in deionized water was investigated for freeze-thaw
cycles n = 1-7. The results of dissolution measurements are shown in Figure 22. 3 replicates
were measured for each cycle and storage condition.
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Figure 22 – PVA volume fraction comparison as-made and immersed in deionized
water

After the first two freeze-thaw cycles, significant dissolution of PVA from the gels was
observed. This is likely due to a combination of chains that are not tied to network junction
points, and the solvation of small crystalline regions. The concept that PVA chains have
greater mobility at lower freeze-thaw cycles, is reinforced by these observations.
It is not appropriate to draw a relationship between dissolution of PVA in deionized water
and adhesion in overmolding. In overmolding, the gel is immersed in a medium of PVA
solution. Measuring the dissolution in PVA solution was not attempted because the
measurement would be complicated by PVA solution residue on the gels which would be
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difficult to remove reliably. Furthermore, in overmolding the polymer poor phase of the
gels would necessarily have a lower concentration of PVA than the overmolded solution.
In such a situation, according to Fick’s law of diffusion, the concentration gradient would
have a driving force causing diffusion into the gel. When immersed in deionized water the
opposite would occur; the driving force would cause diffusion of free PVA out from the
gel.

6.7

Application of Controlled Adhesion

The investigation of peel strength led to the development of an embedded vessel model.
The exact details of processing details have been omitted due to the commercialization of
this model. The model consists of a vein (4 mm ID, 5 mm OD) embedded in a block of soft
tissue with a 2.2 mm top layer representing the dermis layer of skin. Each component of
the model has differing mechanical properties. The dermis layer is bonded strongly to the
tissue block, while the embedded vein can be harvested from the tissue block. The
embedded vessel model is shown in Figure 23.

Figure 23 – Embedded vessel model (left) dissection of vein (right) cross section
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The embedded vessel model was designed for the practice of vein harvesting for a variety
of procedures. It has also been used with ultrasound imaging for practice needle insertion
into veins and arteries. The differing densities of each component show distinct transitions
in ultrasound imaging providing the same queues as natural tissue.

6.8

Rotational Molding

It was the objective to find the optimal thickener additional level that produced the most
consistent part thickness. Initially three addition levels were used: 1, 3 and 5 parts per
hundred (PPH) of PVA solution. The results of initial screening showed that 1 and 3 PPH
could not hold a consistent wall thickness, whereas 5 PPH was too thick at molding
temperature to flow and disperse in the mold cavity. A defective under-filled part is shown
in Figure 24.

Figure 24 – Stomach 5 PPH Fumed Silica 10 w% PVA, under filled (frozen)
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When the thickened PVA solution is too thick at room molding temperatures the mold does
not completely fill. When the thickened PVA solution is too thin the mold fills; however,
on cooling to room temperature is not able to support the wall thickness. A balance between
flow at molding temperature and stability at room temperature is needed.
With poor results from all addition levels in the initial screening a heuristic approach was
employed to find an acceptable level. At 4 PPH thinning was still observed in the demolded
part. Both 4.5 and 4.25 PPH were examined and it was determined that 4.25 PPH of fumed
silica produced the most consistent wall thickness with full mold coverage. The resulting
demolded part after freeze-thaw cycle n = 3 is shown in Figure 25.

Figure 25 – Stomach model 4.25 PPH fumed silica, 10w% PVA. (left) Stomach as
made (right) stomach in expanded state.
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6.8.1 Thickener Effect on Elastic Modulus
Fumed silica addition levels were significant relative to the PVA fraction in the
rotomolding material system. On a volume basis, the ratio of PVA to fumed silica was 4.1,
which produced the desired molding results.
In order to characterize the effect of fumed silica on the resulting gel stiffness, tensile
testing was done on 10 wt% PVA solution and on the same solution with thickener
addition. Tensile results were collected at cycles 3 and 6, the results are shown in Figure
26. 5 replicates were measured for each cycle and material.

Figure 26 – Modulus of fumed silica thickened PVA hydrogel normalized to control
PVA without thickener addition. (Left) 3rd freeze-thaw cycle (right) 6th freeze-thaw
cycle.

The results of tensile testing showed a clear effect on the modulus of the thickened PVA
gel material. In general, the relative difference in modulus is greater at higher strains. For
cycle n = 6, at low strains the relative difference is likely not significant. On handling the
gels is unlikely that users would be able to perceive the difference. However, the intended
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procedures for this model include the use of medical staplers that may be sensitive to the
material elastic modulus. In order to match the elastic modulus of non-thickened PVA
materials it may be necessary to process thickened PVA at a lower number of freeze-thaw
cycles.

6.8.2 Thickener Effect on Residual Stress
When conditioning samples for tensile testing, it was noticed that the samples containing
fumed silica behaved differently than those without. Relief on the residual stress in samples
during conditioning can be visualized in the first loading-unloading curve of a tensile test.
A hysteresis loop is always present on the first loading of PVA materials due to residual
stress in the material that requires work to relieve. The hysteresis curves for the first
loading-unloading cycle of both thickened and non-thickened PVA are shown in Figure
27.
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Figure 27 – Typical normalized hysteresis curves for non-thickened and thickened
PVA during first load-unload cycle in tension. (left) freeze-thaw cycle 3 (right)
freeze-thaw cycle 6.

Subsequent loading cycles do not exhibit the hysteresis loop observed on the first loading
cycle. This indicates that at the strain rate used there is not significant losses from
viscoelasticity and the hysteresis loop observed on the first cycle in mainly due to
irreversible changes in the material during preconditioning of the samples. Furthermore,
the area in the hysteresis loop is larger than that of the control samples. This is likely due
to network formation of fumed silica which causes the thickening action seen in the liquid
solution. The modulus of the fumed silica thickened PVA material will appear higher on a
first loading than it will after conditioning.

6.9

Summary

This study investigated joining methods of PVA hydrogels and the properties that influence
bond strength. Also, molding techniques were investigated to create complex models. A
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method of sample preparation for peel strength specimens was created. A method of
creating thin walled hollow structures using rotational molding was also developed.
Tensile testing showed that changes in the PVA network plateau after freeze-thaw cycle n
= 7. The measured elastic modulus was found to increase beyond the seventh cycle
however this was attributed to loss of water which effectively increased the polymer
fraction of the samples. Tensile data was normalized to a 10 w% PVA to correct to
differences in water content of the specimens.
Peel strength
An unusual relationship was observed during peel strength testing. At freeze-thaw cycle n
= 1 strong bonding was observed with the samples being inseparable. Freeze-thaw cycles
n = 2-3 peeled smoothly during testing with 12.5 ± 1.34 kg/m and 12.23 ± 1.18 kg/m
respectively. For freeze-thaw cycles n ≥ 3, strong bonding was observed with failure in the
bulk material during testing. The macroscopic porosity of the samples was determined by
DSC measurements of free water in the samples. For PVA specimens containing 88.3 v%
water, the free water volume fraction increased from 83.1 ± 1.1 v% to 87.8 ± 0.2 v%.
Dissolution measurements showed that significant polymer was lost from PVA specimens
stored in deionized water for freeze-thaw cycles n = 1-2 indicating high mobility of
polymer chains in the network. Strong bonding was attributed to low degree of crosslinking
for freeze-thaw cycle n = 1 and to well defined pores which allow interfacial diffusion for
freeze-thaw cycles n ≥ 3. Smooth peeling for freeze-thaw cycles n = 2-3 was attributed to
sufficient crosslinking and insufficient porosity to form a strong bond during overmolding.
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Rotational molding for hollow structures
Rotational molding was investigated as a method to produce complex hollow structures. It
was found that addition of fumed silica to PVA solution produced a viscous paste with
thixotropic properties. At elevated temperatures the paste could be distributed evenly onto
the wall of a mold and upon cooling would hold a stable wall thickness which could be
further crosslinked physically into a hydrogel. Through heuristic selection of thickener
levels it was determined that 4.25 parts per hundred of PVA solution created a stable 3 mm
wall thickness. The elastic modulus of the thickened PVA gel was compared to the base
material. The elastic modulus of thickened PVA was in general greater than PVA alone.
At freeze-thaw cycle n = 3 the elastic modulus of fumed silica thickened PVA was found
to be 183 ± 16 % greater PVA alone at a true strain of 0.55. The effect on the modulus
decreased both with the strain at which the modulus was measured and with increasing
freeze-thaw cycles.
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Chapter 7
Conclusions

7

The objectives of this study were to investigate joining methods and molding techniques
for the production of complex surgical training models. The following conclusions were
made with respect to these objectives.


The polymer fraction PVA hydrogels increases with the number of freeze-thaw
cycles due to loss of water.



Bond strength of overmolded PVA hydrogels is related to both the degree of
crosslinking and porosity in the base layer.



A regime of cycles exists at freeze-thaw cycles n = 2-3 where peeling occurs
adhesively.



With increasing freeze-thaw cycles the network of PVA hydrogels densifies,
expelling bound water from the network and increasing porosity.



At freeze-thaw cycles n = 1-2 PVA hydrogel are not stable when stored in deionized
water and significant polymer is lost from the gel.



Fumed silica is used as a thickening agent for PVA solution to create a thixotropic
gel capable of being rotationally molded. The production of a hollow stomach
model was produced in this manner.



The addition of fumed silica causes a significant increase in the elastic modulus.
The effect on elastic modulus proportionally larger at higher strains.
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Chapter 8

8
8.1

Future Applications and Outlook
Introduction

PVA hydrogels are a useful material in many applications and it was the goal of this work
to investigate the processing methods for the joining, characterize the strength of adhesion
between joined materials, and the production of complex surgical training models. Future
work would involve developing new techniques for the production of complex models, as
well as improving the efficiency of existing methods.
The development of surgical training models is often an iterative process. There is a need
for rapid prototyping to accelerate and reduce the costs associated with the development
cycle. 3D printing is a potential technology for the rapid production of surgical model
prototypes. Fused deposition modeling of PVA hydrogels by physical and chemical
crosslinking is an area of interest for future developments.
The models in this work incorporated homogenous PVA hydrogels. In models such as lung
and kidney the internal structure in non-uniform. Incorporating the findings of this study
on the production of hollow structures with materials mimicking the internal structures of
organs is an area for future development.
Joining methods investigated in this study produced strong bonds. However, when PVA
was used as an adhesive the time-scale of bond formation is at least the length of a freezethaw cycle. When cyanoacrylate based adhesives were used instant bonds were formed but
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they were brittle and dissimilar from the bulk material. Ideally an adhesive could be found
that rapidly bonds PVA hydrogel while producing a bond that had similar properties to the
surrounding material. Investigation of instant adhesive compound that polymerize in the
presence of water would be advantageous for the rapid production of complex models.
PVA may be appropriate in critical areas whereas instant adhesives would be useful in noncritical applications.
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Appendices
Appendix A: Ring Extensometry
ASTM D412 – Test Method B

The above results are ultimate extension (%) of ring shaped samples cut from cast tubular
10 w% PVA samples, freeze-thaw cycles n=1-6. Methods of calculation as well as
diagrams of ring extension grips can be found in the standard. Standard tensile grips tend
to slip before fracture in the soft tissue grips, ring samples were used to test ultimate
extension of hydrogel samples.
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Appendix B: Tensile Fixture Drawings
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Appendix C: ASCII command table for ESM301L test
stand
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